Browning of white fat reduces obesity in many preclinical models. Vitamin A metabolites 23 (retinoids) have been linked to thermogenic programming of adipose tissue (AT), however 24 the physiologic importance of systemic retinoid metabolism for AT browning is unknown.
INTRODUCTION

37
During obesity development, excess energy intake is mainly stored in white adipose tissue i n 38 the form of triglycerides (Schutz, 1995) . In contrast, brown adipose tissue oxidizes fatty acids 10 To test consequences of these profound molecular changes observed in Rbp deficient sWAT 206 in vivo, we performed core body temperature measurements in cold-challenged animals. In 207 line with impaired sWAT browning and perturbed lipid oxidation, Rbp -/mice were significantly 208 more cold-sensitive as reflected by lower core body temperatures during cold stress ( Fig.   209 5h).
211
Retinol enhances oxidative capacity in primary human adipocytes and is associated 212 with increased lipid utilization in humans.
213
In order to study the effects of retinol on the thermogenic capacity in a cell autonomous 214 manner we used human adipocyte precursor cells (hAPCs) isolated from abdominal 215 subcutaneous fat specimens. hAPCs were differentiated for five days before stimulation with 216 various retinol concentrations (1 nM to 10 µM) or vehicle for 24 hrs. 1 µM retinol resulted in 217 the most robust increase in UCP1 mRNA expression ( Fig. S1d) and was therefore used for 218 all other experiments. Retinol stimulation significantly increased thermogenic gene 219 expression and UCP1 protein levels in differentiated hAPCs from four different donors 220 (healthy females, aged 35-45 years (Fig. 6a,b) . Notably, retinol stimulation enhanced cellular 221 respiration as demonstrated by increased maximum, mitochondrial and reserve capacity 222 oxidative consumption rate using Seahorse ® analysis (Fig. 6c,d ). Hence, these data suggest 223 that retinol promotes browning in human adipocytes with coordinated increases in oxidative 224 metabolism. In line with this finding, short-term cold exposure in 30 healthy lean subjects 13 detectable plasma Rbp levels on chow or high-fat diet despite intact adipose Rbp production, 288 establishing hepatocytes as the principal source of circulating Rbp. More importantly, LRKO 289 mice are not protected from diet-induced obesity or insulin resistance consistent with 290 adipocyte-secreted Rbp is confined to autocrine or paracrine actions within adipose tissue, 291 even in an insulin resistant state (Fedders et al., 2018; Thompson et al., 2017) . In support of 292 this notion, adipocyte-specific Rbp overexpression increases adipose tissue inflammation, 293 lipolysis and circulating FA levels (Lee, Yuen, Jiang, Kahn, & Blaner, 2016) . These findings 294 may also explain why cold-mediated increases in systemic Rbp levels do not cause insulin 295 resistance.
296
Rbp is well established as a key protein in retinoid metabolism (Quadro, Hamberger, 297 Colantuoni, Gottesman, & Blaner, 2003; Soprano D. R., 1994) mediating retinol secretion 298 and extrahepatic transport preferentially towards adipose tissue as previously demonstrated 299 in Rbp -/mice challenged with dietary conjugated linoleic acid supplementation or chronic 300 alcohol consumption (Clugston, Huang, & Blaner, 2015; Ortiz et al., 2009) . Both studies 301 showed that Rbp facilitates hepatic retinol redistribution towards fat depots although some 302 residual adipose tissue retinol uptake may persist in Rbp deficiency (Clugston et al., 2015) as 303 we observed in BAT of cold-challenged Rbp -/mice ( Fig. 2e) . In contrast to BAT, cold-304 mediated retinol increase was completely abrogated in sWAT of Rbp-deficient mice (Fig. 2d ).
305
These fat depot specific differences may stem from an alternative retinol uptake mechanism 306 in BAT. Postprandial tissue retinol supply is enabled by lipoprotein lipase (LPL)-dependent 307 hydrolysis of retinol-containing chylomicrons released by enterocytes after dietary intake 308 (Blaner et al., 1994; Blomhoff, Green, Berg, & Norum, 1990) . Retinoid provision to BAT 309 during cold challenge via this mechanism, even in the absence of Rbp would be consistent 310 with cold-mediated induction of LPL expression in both WT and Rbp -/-BAT (data not shown).
311
We show here that the induction of a thermogenic program in sWAT strongly depends on 312 intact Rbp-mediated retinoid transport and tissue availability. Despite intact BAT function, 313 blunted adipose tissue browning in Rbp deficiency has systemic consequences including 314 impaired cold tolerance and perturbed triglyceride clearance. Defective BAT retinoid supplies 14 may further aggravate this thermogenic phenotype. In fact, disrupted thermoregulation has 316 previously been reported in alcohol-challenged mice with decreased BAT retinoic acid 317 content (Clugston et al., 2015) .
318
Given the importance of systemic energy balance and thermogenesis, a coordinated 319 interorgan crosstalk that allows for integrated networks would be expected. Recently, several 320 liver-derived factors have been identified that contribute to BAT activation or WAT browning 321 including fibroblast growth factor 21 (Douris et al., 2015; Fisher et al., 2012) , bile acids 322 (Broeders et al., 2015; Worthmann et al., 2017) or acylcarnitines (Simcox et al., 2017) . Our 323 results establish hepatic retinoids as novel mediators of extended liver to adipose signaling.
324
Control over thermogenesis involves regulation of sources of energy substrates through 325 lipolysis and FA release as well as combustion of those resources through beta oxidation. In 326 keeping with this, blunted WAT browning in Rbp deficiency is coupled to repressed 327 expression of lipid catabolism and FA oxidation genes, with decreased mitochondrial 328 oxidative phosphorylation capacity. Consequently, cold-induced TG clearance was impaired 329 in Rbp -/mice. The importance of activated BAT for TG hydrolysis has been established in 330 several mouse models and in human cold exposure studies (Bartelt et al., 2011; Berbee et 331 al., 2015; Khedoe et al., 2015) . We show here that the cold-induced increase of circulating 332 retinol occurs in conjunction with a decreased respiratory quotient in humans ( Fig. 6f ),
333
suggesting that enhanced retinol supply is associated with higher lipid oxidation. Indeed, 334 retinol stimulation in primary human adipocytes augmented the mitochondrial oxidative 335 capacity ( Fig. 6c, d ), suggesting that the retinol effects are cell-autonomous. Given that 336 retinol is intracellularly converted to retinoic acid, which activates the nuclear receptors RAR 337 and RXR, increased retinoic acid signaling may contribute to the observed thermogenic 338 effects ( Fig. 6a , as widely reported (Alvarez et al., 2000; Alvarez et al., 1995; Berry et al., 339 2012; Mercader et al., 2010; Mercader et al., 2006; Puigserver et al., 1996; Rabelo et al., 340 1996) ). Accordingly, retinoic acid target gene expression was markedly induced in retinol 341 stimulated human adipocytes ( Fig. S1d ).
15
Taken together, we demonstrate here that local hepatic retinoid stores and the systemic 343 delivery of these molecules via hepatic Rbp are essential for cold-induced thermogenic 344 responses in adipose tissue. Moreover, these data establish coordinated regulation of 345 hepatic retinol shuttling to WAT by Rbp as essential for normal adaption to cold by enabling a 346 transcriptional thermogenic program (summarized in Fig. 7 
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The sample size is stated in the Figure and 
741
Plasma retinol levels in WT and Rbp -/mice before and after cold exposure (a). Analysis of 742 tissue retinol levels in WT and Rbp -/mice before and after cold exposure (b-e). Data are 743 given as mean±SEM (n=4-5/group). * p≤0.05; ** p≤0.01.
